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Ultrabright Head Mounted Displays Using LED-Illuminated LCOS

Mark A. Handschy and John R. McNeil
Displaytech, Inc., 2602 Clover Basin Dr., Longmont, CO, USA 80503

Paul E. Weissman
Optical Resolutions, Inc., 155 E. Main St., Suite 308, Brewster, NY 10509

ABSTRACT

We report design and test of a high brightness laboratory-breadboard LED/LCOS HMD system employing a 0.78-inch-
diagonal 1280 x 768 ferroelectric liquid-crystal-on-silicon microdisplay and a red-green-blue LED. With an 8x viewing
optic giving a 35°-diagonal field of view, the system yielded brightnesses greater 40,000 cd/m* (12,000 fL) in color-
sequential mode and greater than 100,000 cd/m?® (30,000 fL) in monochrome mode, at LED power consumptions of
1.1 W and 3.3 W, respectively. The illumination optics employed a rectangular light pipe and tailored diffuser to effi-
ciently fill the microdisplay panel aperture and exit pupil. The high efficiency of such image generators facilitates
display readability in see-through HMDs operating in high-ambient-light environments, as well as enabling ultra-low
power HMDs (less than 100 mW total) for dismounted users of battery-powered systems.
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1. INTRODUCTION

The emergence of high-brightness light-emitting diodes (LEDs) and liquid-crystal-on-silicon (LCOS) microdisplays
promises a new generation of image generators for head mounted displays (HMDs). These HMDs would offer a wide
spectrum of performance capabilities: at one end, ultra-low power operation (less than 100 mW total) for dismounted
users of battery-powered systems — at the other end, ultra-high brightness (greater than 10,000 fL) to ensure contrast of
displayed imagery against see-through full-daylight background scenes in aircraft cockpits. LED/LCOS image genera-
tors operate at low voltages, and facilitate integration of system electronics into the LCOS backplane to permit standard
video interfaces with few-wire interconnects and on-chip programmable display gamma and scalable image formatting.

In addition to facilitating readability for see-through HMDs operating in high-ambient environments, the high bright-
ness of such image generators enables novel HMD optical systems with better correction and larger fields of view and
exit pupils than would otherwise be available with small LCOS microdisplay diagonals.

2. FUNDAMENTAL CONSIDERATIONS

Unlike the situation with emissive displays, the separation of
the illumination components from the display panel in an
LCOS display allows the overall system to be optimized for -
optical efficiency without compromising image performance.
Consider the model HMD system diagramed in Figure 1. The
effective focal length f of the viewing optics is chosen to give

the desired field of view (FOV) for a chosen display panel Oric ‘ o
diagonal dy; ¢: tanBrov = drrc/(2f). Light from the illuminator Brou !
should, at every point on the panel, fill a cone of half-angle I I | l ‘ " o
Br.c sufficient to fill the viewing box or exit pupil of diameter | H o Bee

dexit: tanfp c= dexit/(2f) Independent of the particulars of the \_,

optical design, important geometrical principles affect its effi- - f o

ciency. If the light source has area A4; gp, and emits light into a
cone of half-angle 8, gp, while the viewing box has area 4exit = Figure 1. Basic microdisplay HMD geometry.




nd2,/4, and the display image subtends an angle 268gqv, then efficient use of the light source requires
6]

For an exit pupil diameter of 12 mm and a display FOV of 60° (€rov = 30°), the largest useful lambertian (& gp = 90°)
light source would have an area of 28 mm®. According to the brightness theorem, a larger light source would neces-
sarily result in wasted light. The fact that the field of view is typically rectangular rather than round further reduces the
useful source area. The parameters in this example indicate the light source should have a spatial extent of a few milli-
meters (e.g. 5.3 mm if square in this example), consonant with the sizes of high-brightness LED die.

s 2 0.2
Avep < Aexit Sin” Brov/sin“Gpgp.

3. ILLUMINATION SYSTEM DESIGN

We constructed a breadboard system, as shown in Figure 2, UNITS | RED | GREEN | BLUE
modeled after a microdisplay projection display system. The | dominant wavelength | nm | 617 | 525 | 464
OSTAR light source (Osram Opto Semiconductors GmbH, | drive current mA [ 750 [ 500 | 500
Regensburg) comprises four 1 mmx 1 mm LED die (two green, | forward voltage Vv 29 | 35 3.5
one red, and one blue) spaced by 0.1 mm to give a 2.1 mm | luminous intensity cd | 18 | 28 3.5
square array. Table 1 gives the source characteristics. The LED | luminous flux Im_| 85 86 | 10.5
efficacy ImW | 25 25 6

source emits into a tapered acrylic integrator rod, similar to that
described by Kuhn et al.,' that collects and homogenizes the  Table 1. LED characteristics. Manufacturer’s data sheet
light. Our integrator rod had a length of 52 mm, with a  typical values.

2.4mmx 2.4 mm square entrance face and a 9.3 mm x 5.6 mm rectangular output face. The rod output face was imaged
through a polarizing beam splitter (PBS) of 25-mm cross section onto the 16.9 mm x 10.1 mm active area of the
1280 x 768 ferroelectric liquid crystal on silicon microdisplay panel (Displaytech, Inc.) by a 1.7x relay lens system
comprising a fast aspheric condenser and a plano-convex doublet. The output face of the integrator rod was placed at
the focal point of the condenser lens which then produces a real image of the LED die in the plane of an iris, the iris
itself being at the focal point of the PCX doublet. With this arrangement the principal illumination rays are perpen-
dicular to the face of the LCOS microdisplay panel. An 8x magnifier loupe (Peak Optics) designed for viewing of 35
mm film frames gave a 35°-diagonal field of view of the display panel active area and produced a de-magnified real
image of the iris about 30 mm above the last surface of the magnifier.

e image of iris
50 mm asphere "~ 200 mm PCX ™
i .~ 8x magnifier
““““““ Osram OSTAR LED J_ '- @
E K po— PBS
Bl
‘ % ‘; |
) A Do T cEeY——34 ~ microdisplay

tapered integrator rod - — diffuser e iris ~ 150 mm PCX

Figure 2. High-brightness HMD optical bread board schematic, including focal lengths for plano-convex (PCX) and aspheric lenses
(not to scale).



4. RESULTS

With the OSTAR source inside an integrating sphere, we adjusted
the LED drive currents while measuring CIE color coordinates
with a Minolta CS-100 spot meter pointed into the sphere open-
ing. The drive conditions listed in Table 2 gave white light with
x-y color coordinates (0.318, 0.327), close to the color of 2 6000 K
black body, as shown in Figure 3 which also shows the color coor-
dinates of the red, green, and blue LED-illuminator primaries.
Luminous flux was measured with the OSTAR in the integrating
sphere opening with a black paper aperture surrounding the LED
emitting surface. After measuring the efficiency of the bare
source we aligned it with the integrating rod by observing the
LED image in the plane of the iris in Figure 2. The total internal
reflection at the rod walls produces a kaleidoscope-like image, as

_shown in Figure 5(a); when the 2.1-mm LED source is centered in

the 2.4-mm entrance face of the rod, the width of all the dark lines
between repeated LED images is equal (to 0.15 mm). Luminous
flux measured with the output end of the rod in the integrating
sphere opening reaches a maximum when the input face of the rod
touches the encapsulant on top of the LED die. Under these con-
ditions we obtained 10-11 lm, giving a coupling efficiency of 57—
63%, with the lower value being more representative of the condi-
tions under which subsequent measurements were made.

Aligning the panel active area to the image of the integrator-rod
output face gave a uniformly illuminated display image viewed
through the 8x magnifier. However, the kaleidoscope pattern of
Figure 5(a) appears at the nominal position of the viewer’s eye,
resulting in small shifts in the apparent color of the display image
with small lateral shifts in eye position. By evaluating three dif-
fusers of various strengths (Wavefront Technologies, Paramount,
CA) placed over the output face of the integrator rod we found
this problem could be rectified without significant loss of bright-
ness. The diffuser angular characteristics in Figure 4 were meas-
ured by illuminating each diffuser at normat incidence with a la-
ser beam of about 1 mm diameter, and measuring the irradiance E
about one meter from the diffuser sample as a function of angle 6
away from the incident beam. For diffuser I we normalized the
on-axis irradiance Ey(@ = 0) to 1; for diffusers II and III we nor-
malized Ey and Eyy by the relative scale factors shown in Figure 4
to facilitate comparison. Figure 5 shows the exit-pupil uniformity
improvement produced by the various diffusers. From the end of
the 52-mm integrator rod, the LEDs on 1.1-mm centers subtend
1.2°. Diffuser III, with an angular half-width at half-maximum
(HWHM) a few times greater than the LED separation is suffi-
cient to yield an essentially uniform exit pupil.

Table 3 lists display brightnesses measured for various diffuser
strengths and LED drive conditions. Measurements were made
with a spot meter centered in the light beam leaving the display,
and pointed at the center of the display but focused on the image

UNITS | RED [ GRN | BLUE | WHITE

LED current | mA | 550 | 500 | 424

LED voltage | V 2.74 | 6.78 | 3.53

LED power | mW | 250 | 670 | 250 | 1070

flux

Im 17.5

efficacy Im/W 16.4

Table 2. LED source operating conditions. Power and
flux under 1/6 duty cycle color-sequential drive.
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BRIGHNTESS (NIT) | HWHM
1/6 DUTY | 1/2DUTY | (DEG.)
none 60800 | 157300 | 0.0
I 54100 | 147700 | 0.9
1l 54600 | 142300 | 2.1
1l 40300 | 105200 { 5.5

DIFFUSER

Table 3. Display brightness.




Figure 5. Exit pupil appearance for various diffuser strengths: (a) no diffuser, (b), (c), (d) diffusers I, I, IIl. The iris image is 11 mm
in diameter.

Figure 6. Display images as viewed through the 8x magnifier. The photos show an approximately XGA (1024 x 768) portion of the
1280 x 768 display active area due to limitations of the camera lens angle.

of the iris. The 1/6 duty-cycle measurements correspond to achievable brightness in color-sequential operation, while
the 1/2 duty-cycle values correspond to black-and-white operation. Insertion of a diffuser of strength sufficient to give
an essentially uniform exit pupil produced only a modest brightness loss. Figure 6 shows the appearance of the display
operated in color-sequential mode as seen through the magnifier. The wide color gamut of the LED illuminator gives
vivid, well-saturated colors. Field curvature of the simple magnifier viewing optic results in loss of focus sharpness
away from the center of the field in the photographs.

LED illuminators enable display dimming over very wide brightness ranges using pulse width modulation (PWM)
drive. Figure 7(a) shows the variation of OSTAR light output vs. drive duty cycle at the same currents listed in Table 2.
Variation was limited to approximately three orders of magnitude by the 5 ps rise time of the laboratory current source
used to drive the LEDs; greater dimming ranges could be had with simple improvements. PWM dimming produces
very little color shift, as shown by the color trajectory of Figure 7(b).

5. DISCUSSION

The projector-type illumination system of Figure 2 efficiently conveys light from the source to the panel to the exit
pupil without unnecessary geometrical losses—i.e., it allows the spatial extent of the microdisplay panel to be uniformly
filled (but not unnecessarily overfilled) with light of an angular distribution that just fills (but doesn’t overfill) the exit
pupil. The remaining losses in such a system arise principally from polarization and reflection terms listed in Table 4.
Although LCOS microdisplays typically require polarized light, the geometrical considerations of equation (1) allow
sources larger than e.g. the OSTAR used here without loss of efficiency. Thus, polarization conversion systems
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Figure 7. LED dimming: (a) variation of LED light output vs. drive pulse width at 60 Hz repetition rate; (b) variation
of white-point color for same pulse widths as (a) on expanded region of CIE chart.

(PCS)?* which necessarily double source area, can be used effectively. Further- FACTOR TPUT
more, design of compound-parabolic concentrator® type integrator rods could elimi- | Unpolarized source _ 0.50
nate the losses reported here for the coupling between the LED die and the light | Polarization conversion | 1.70
pipe, without compromising color mixing and angular control.>® Doping the ggg _F;S 832
integrator rod with microspheres7 could shorten the required length for adequate LCOS Fr)efl activity 0:67
color mixing while eliminating the need for a separate diffuser. Thus, according to TOTAL | 0.43

the throughput budget of Table 4, the LED/L.COS image generator could deliver 25—

50% of the LED luminous output into the HMD optical system. Table 4. Image generator optical

throughput.

LED-illuminated color-sequential display systems have the advantage of equal TRANS AMLCD | REFL [0S
efficiency to monochrome systems. Table 5 compares throughputs for a trans- technique | filter triads | LED FSC
missive active-matrix liquid-crystal display (AMLCD) with those for reflective [Tjter tput 25% —
LCOS display. In the case of the transmissive AMLCD, color is produced by | aperture 36% 90%
dividing each pixel into a triad of dots, each dot of the triad having an absorp- TOTAL 9% 90%

tive filter that passes light of one of the red, green, or blue primary colors. If
the filters were the only loss factor, about 25% of incident white light would
be passed through the red, green, and blue filters to reconstruct a white ‘
displayed image. However, the transmissive display divides the area of each pixel into an opaque fraction comprising
addressing electrodes, drive transistor, and “black matrix,” and a transmissive fraction. For small high-resolution color
panels, as would be useful for HMD systems, the so-called pixe!l aperture ratio will be quite low, in the range of the 36%
value we assume in Table 5. For reflective displays, the only limit on aperture ratio is how small the insulating gaps
between adjacent pixel electrodes can be, resulting in ~90% aperture ratios even for high resolution panels. These
factors combined give the color-sequential reflective display a 10x optical throughput advantage over a transmissive
triad display. Furthermore, color-sequential displays deliver images of superior quality, as seen in Figure 8, which
shows a full-frame image from a color-sequential Displaytech 432 x 240 pixel (104k pixels) electronic viewfinder (a)
and close-up images from that display (b) and a competing 180k-dot AMLCD.

Table 5. Optical throughput for triad and
field-sequential color (FSC) modes.

The optical efficiency and brightness achievable with HMD systems like those described here offer performance
advantages for several applications. Brightness adequate for HMD use in cockpit environments with see-through to
sunlit outdoor scenery could be had, even with full color. For battery-operated portable equipment, display brightness
of 150 nit (50 fL) would require illuminator power of less than 4 mW. The high achievable luminous output favors
HMD optical systems where imaging performance is traded for throughput. For example, the Pancake Window®-type®
optic offers a very wide field of view with outstanding correction and long eye relief, but suffers from low optical
throughput. A modern high-throughput version of this optic (NVIS, Inc, Reston, VA) uses polarization-sensitive beam
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Figure 8. Display images: (a), (b) FSC LCOS; (c) AMLCD.

splitters to achieve a polarized-light throughput of about 13%. This optic gives a 55° diagonal field of view with the
present 1280 x 768 microdisplay; our high-brightness illuminator produced a display image viewed through this optic
with 5500 nit luminance.
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